Introduction
Alzheimer's disease (AD) is a major cause of dementia and subcortical vascular disease is often a confounding and complicating factor in the development of dementia [21] . T2-weighted MRI of the brain often shows regions of strong signal intensity in the white matter (WM), called white matter hyperintensities (WMH) in cognitive normal (CN) elderly subjects and patients with AD and a variety of other disorders [2, 10, 15, 21] . WMH have been though to be incomplete infarcts characterized by partial loss of myelin, axons and oligodendroglial cells, mild reactive gliosis, and sparsely distributed macrophages as well as stenosis resulting from hyaline fibrosis of arterioles and smaller vessels [2] , although WMH have also been though to be due to Wallerian degeneration [27] . In contrast to WMH, subcortical lacunes, which appear as dark foci on T1-weighted MRI and bright foci on T2-weighted MRI in the subcortical nuclei and WM, are complete infarcts where brain tissue is destroyed [16] . The disruption of subcortical-cortical connections by these subcortical vascular lesions may be detrimental to cortical gray matter (CGM) integrity and may result in cognitive impairment. In contrast, the entorhinal cortex (ERC) and hippocampus, sites of early AD pathology [12, 13, 20, 23, 24, 38] , may be less vulnerable to vascular disease because these structures have fewer direct connections to subcortical regions [1] . Thus, the first goal of this study was to investigate the relationship between subcortical vascular disease (i.e., WMH and subcortical lacunes) and CGM, ERC, and hippocampal atrophy.
Previous studies have shown that subcortical vascular disease is related to cognitive impairment.
Moreover, subjects with subcortical vascular disease are at increased risk for developing dementia [6] [7] [8] 11, 18, 25, 28, 35, 36, 39] . Clinicopathological studies have found that, for any level of cognitive deficit, the density of neuritic plaques and neurofibrillary tangles in the neocortex is Du 4 significantly lower in cases of AD mixed with cerebrovascular disease than in cases of AD without cerebrovascular disease [32, 35, 40] , suggesting that cerebrovascular disease has effects in addition to AD pathology on cognition. Furthermore, Esiri et al found that vascular disease had a greater impact on cognitive performance at early stages of AD than at more advanced AD stages [14] . This finding may suggest that the effects of cerebrovascular disease and AD on cognition are not simply additive, but involve an interaction between the two pathologies. Therefore, the second goal of this study was to test if there is a positive interaction between cerebrovascular disease and AD on CGM, ERC and hippocampal atrophy.
Methods

Subjects
Data from 63 patients (age range: 62-91 years old) with clinical diagnoses of AD and mixed AD/vascular dementia and 77 CN subjects (age range: 63-87 years old) were included in the analysis, as summarized in the Table. Fifty patients were diagnosed with AD according to the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related disorders Association (NINCDS/ADRDA) criteria [29] . Both probable and possible AD patients were included. Another thirteen patients were diagnosed as mixed dementia according to the criteria of the State of California Alzheimer's Disease Diagnostic and Treatment Centers (ADDTC) [5] . Mixed dementia was diagnosis when a patient had symptoms primarily related to vascular dementia and AD was thought to be casually related with dementia. Patients were recruited from the Memory and Aging Center at the University of California, San Francisco (UCSF) and the Alzheimer Center at the University of California, Davis (UCD). CN subjects were recruited from the community. All subjects received a standard battery of Du 5 neuropsychological tests, as described earlier [30] . CN subjects had cognitive test scores within the normal range. AD and mixed dementia patients were matched for cognitive impairment, assessed by the Mini-Mental State Examination (MMSE) [17] . However, patients with mixed dementia were older than CN subjects and AD patients. Fifteen of the 77 CN subjects, 11 of the 50 AD patients and all 13 mixed dementia patients had subcortical lacunes on MRI. No subject had cortical infarcts. All subjects or their guardians gave written informed consent, approved by the Committees of Human Research at the University of California, San Francisco and Davis.
Volume measurement
All MRI data were obtained from a 1.5 T Siemens Vision™ System (Siemens Inc., Iselin NJ).
Structural MRI were acquired using a double spin echo sequence (DSE) with TR/TE1/TE2 = 2500/20/80 ms timing, 1.00 x 1.25 mm 2 in-plane resolution, and approximately 50 contiguous 3-mm thick axial slices oriented along the optic nerve as seen from a midsection sagittal scout MR image. In addition, a volumetric magnetization-prepared rapid gradient echo (MPRAGE) sequence was acquired with TR/TE/TI = 10/7/300 ms timing, 15° flip angle, 1.00 x 1.00 mm 2 inplane resolution, and 1.40 mm thick coronal partitions and oriented orthogonal to the image planes of DSE.
An experienced operator (A.D) performed manual editing of the ERC and the hippocampus using volumetric T1-weighted images. ERC boundaries were defined using the protocol described by Insausti et al [19] . Hippocampal boundaries were defined using the protocol described by Watson et al [37] . To assess global cerebral volume change, tissue segmentation analysis of the MRI data was performed using software developed in-house [3] . Proton density- Finally, Lacunes were manually outlined on MRI data. Lacunes generally occur in the basal ganglia, capsular and thalamic regions and appear as hyperintense foci on T2-weighted images, ranging from 3-15 mm in diameter. Lacunes are usually hypointense on T1-weighted image and can be either hyperintense or isointense to CSF on proton density-weighted images depending on whether they are cavitated. When lacunes appeared in WM, although this is rare, they were differentiated from WMH by an isointense signal to CSF and lesion size ranging from 3 to 15 mm. Figure 1 depicts WMH and lacunes on T1-, proton density-and T2-weighted MRI data.
Statistics
All volumes were normalized to total intracranial volume (TIV) according to: VOL n = VOL r * TIV m / TIV r , to account for variable head sizes. Here VOL n and VOL r are the normalized volume and the raw volume of a subject, respectively; and TIV m and TIV r are the mean TIV from all subjects and the TIV of the subject, respectively. The relationship between subcortical vascular disease and CGM, ERC and hippocampus volumes was tested by a multivariate linear regression model. In the model, independent variables were WMH volumes, presence or absence of lacunes, group, age, and sex. Dependent variables were CGM, ERC, or hippocampal volume.
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Because the distribution of WMH data was skewed towards more patients having small lesions while fewer subjects presenting large lesions, regressions were also performed with log transformation of WMH data to approximate a normal distribution. 
Results:
Relationship between CGM volume and subcortical vascular disease (WMH volume and presence of lacunes) in CN, AD and mixed dementia
Different relationship between WMH volume and CGM, ERC, and hippocampal volumes
The relationships between CGM, ERC and hippocampal volume Z scores with WMH volume were significantly different (F (2,179) = 4.5, p < 0.02) after taking into account effects of group, presence or absence of lacunes, age and sex. Using log transformed WMH data yielded a trend of AD and mixed dementia patients were combined to demonstrate the overall effect of WMH on brain atrophy, independent of the type of dementia. The intercepts of the regressions represent the extent of atrophy of CGM, ERC or hippocampus due to AD, while the slopes represent the extend of atrophy of CGM, ERC or hippocampus due to subcortical vascular disease, assessed as WMH volumes. Therefore, the figure shows that AD had a smaller effect (i.e., a smaller intercept) on CGM volume than on ERC and hippocampal volume. In contrast, WMH volume had a larger effect (i.e., a steeper slope) on CGM volume than ERC and hippocampal volumes.
Discussion
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The major findings of this study were: 1) CGM volume was inversely related to WMH volume while ERC and hippocampal volumes were not; 2) There was no significant relationship between the presence of subcortical lacunes and CGM, ERC, and hippocampal volumes.
The first finding of this study was that, in CN, AD and mixed dementia patients, CGM volume was inversely related to WMH volume while ERC and hippocampal volumes were not. This result supports our initial assumption that the ERC and hippocampus may be less vulnerable to vascular disease than the cortex because these structures have fewer direct connections to subcortical regions. There are at least two possible explanations for the current finding. The first explanation is that WMH represents generalized ischemic damage, and that the cortex is more vulnerable to such damage, while the ERC and hippocampus are less vulnerable. However, previous animal studies showed that the hippocampus is especially vulnerable to hypoxia and ischemic insults [4, 33] . Therefore, if WMH represents generalized cerebrovascular disease causing generalized ischemic neuronal damage, one would expect a relationship between increased WMH volumes and decreased hippocampal volumes. Therefore, our finding of no significant relationship between WMH, ERC, and hippocampal volumes suggests that the primary mechanism of cortical neurodegeneration in subcortical ischemic vascular disease may be deafferentation of cortical-subcortical connections, rather than generalized ischemic damage.
Another explanation is that WMH may represent Wallerian degenerations of axons, connected to cortical neurons. This would also explain lack of the relationship of WMH with ERC and hippocampal volumes, because there are fewer direct axonal connections to ERC and hippocampus than to cortical regions [1] . Using log-transformed data revealed a trend of significant relationship between WMH and ERC atrophy, but no relationship between WMH and Du 12 hippocampal atrophy. A possible explanation could be that the ERC is more directly connected to subcortical regions than the hippocampus, because ERC is part of the cortex, which was strongly affected by WMH. More studies are needed to further investigate the differential effect of WMH on ERC and hippocampal atrophy. However, whether WMH in AD are caused by
Wallerian degeneration remains controversial [2, 27] . Furthermore, Wallerian degeneration cannot fully explain WMH in CN subjects, because cortical atrophy was substantially less in CN than in AD, although both groups presented similar amounts of WMH. In addition, the lack of correlation between the stage of the disease (Braak I-VI) and the aberrations of cerebral microvessels also suggests that WMH should not be the consequence of AD [9] .
The second finding of this study was that there were no significant relationships between the presence of subcortical lacunes and CGM, ERC, and hippocampal atrophy in the patients with AD and mixed dementia, despite strong relationships of regional atrophy with WMH. This is consistent with a previous report from this group that found no relationship between subcortical lacunes and CGM and hippocampal volume loss using Spearman's rank correlation analyses without accounting for other confounds [15] . There are several reasons why the presence of subcortical lacunes were not related to CGM, ERC, and hippocampal atrophy in the patients with AD and mixed dementia: 1) If brain atrophy in AD and mixed dementia patients is dominated by AD pathology, it may be difficult to detect the additional effects of subcortical lacunes; 2) A previous study reported that the severity of dementia in AD patients was not significantly affected by concomitant small (< 10 cm 3 ) infarcts [26] . In the current study, most patients had small (< 1 cm 3 ) subcortical lacunes. Thus, it is possible that concomitant small subcortical lacunes also does not contribute significantly to brain atrophy in AD patients; 3) A previous Du 13 neuropathological study found no correlation between the severity of amyloid angiopathy and subcortical lacunes [22] . Therefore, it is possible that the presence of subcortical lacunes does not correlate with the severity of cerebral ischemia throughout the brain.
It is interesting to note that, in the same group of subjects, CGM volume was related to WMH further supports the notion that the primary mechanism of cortical neurodegeneration in subcortical ischemic vascular disease is the deafferentation of cortical-subcortical connections.
Out of our expectation, a positive interaction between WMH volume and diagnosis on CGM loss was not detected in this study. This suggests that effects of AD pathology and WMH on cortical atrophy may be additive. However, we have to be aware that no interaction between AD pathology and WMH on cortical atrophy may be due to limited power in this study. In addition, one previous study found that cerebrovascular disease had a greater capacity to influence Du 14 cognitive impairment during the early stage of AD rather than during more advanced stage of the disease [14] . Thus, the interaction between subcortical vascular disease and AD on brain atrophy may also be different during different stages of AD. Due to the fact that the patients in this study were moderate demented, further studies are needed to elucidate how these two pathologies interact with each other on brain atrophy and the development of dementia. 
